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Protein microarrays: Molecular profiling 
technologies for clinical specimens 



Proteomics, the study of protein function within biologic systems, will further our 
understanding of cancer pathogenesis. Coupled with transcript profiling, proteomics 
can herald the advent of molecular therapy tailored to the individual patient's neo- 
plasm. Protein microarrays, one emerging class of proteomsc technologies, have 
broad applications for discovery and quantitative analysis. This technology Is uni- 
quely suited to gather information about the post-translational modifications of pro- 
teins reflecting the activity state of signal pathways and networks. Protein micro- 
arrays now make it feasible to conduct signal network profiling within cellular sam- 
ples. Nevertheless, to be successful, design and use of protein microarrays must 
take into consideration enormous analytical challenges. A subclass of protein micro- 
arrays, Reverse Phase Arrays, created to meet these challenges, has been optimized 
for use with tissue specimens, and is now in use for the analysis of biopsy samples 
for clinical trial research. 
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1 Introduction 

A comprehensive analysis of the molecular basis of can- 
cer and other disease states requires integration of the 
distinct, but complementary knowledge guided from the 
fields of genomics and proteomics. Genetic defects ulti- 
mately lead to tumor cell survival by altering the functional 
proteins that confer survival advantages for the tumor 
[1, 2]. Cancer growth, invasion and metastasis may be 
the result of dominations or perturbations in the normai 
network of cell signaling proteins [3]. Genomics and DNA 
microarrays point toward potential genetic defects that 
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may cause disruptions in ceil signaling pathways. Protein 
microarrays, on the other hand, provide crucial informa- 
tion about the functional state of these disrupted path- 
ways. Development of the ceiluiar proteomic network for 
an individual patient's tumor will hopefully reveal potential 
drug targets and diagnostic molecules for disease prog- 
nosis or treatment [4-8] . This molecular integration pro- 
vides a complete view of the disrupted cellular machinery 
governing disease. 

Realigning concepts and techniques from genomics and 
applying them to proteomics has ied to the development 
of protein microarrays. In the simplest sense, protein 
microarrays are immobilized protein spots [9-12]. The 
spots may be homogeneous or heterogeneous and may 
consist of a bait molecule, such as an antibody, a cell 
or phage iysate, a nucleic acid, drug or a recombinant 
protein or peptide [11, 13-21]. Detection of the array is 
achieved by probing with a tagged antibody, iigand or 
serum/ceil iysate. The signal -generating tagging mole- 
cule generates a pattern of positive and negative spots. 
The signal intensity of each spot is proportional to the 
quantity of applied tagged molecules bound to the bait 
molecule [16]. 

The post-translationai modifications of protein networks 
can be profiled employing protein microarrays by com- 
paring the proportion of total (activated and non-acti- 
vated) protein to the p hosp ho ry I ated (activated) protein. 
This information in genera! reflects the state of informa- 
tion flow through a protein network. Monitoring the total 
and p hosp h on/I ated proteins over time, before and after 
treatment, or between disease and n on disease states 
may allow us to infer the activity levels of the proteins in 
a particular pathway in real time [22, 23]. The utility of pro- 
tein microarrays lies in their ability to provide a map of 
known cell signaiing proteins, identification of critical 
nodes, or interactions, within the network is a potential 
starting point for drug development and/or design of indi - 
vidual therapy regimens [22, 23]. 



2 Protein microarray technology 

Significant analytical challenges exist for protein micro- 
arrays that do not exist for gene arrays [6, 11, 13]. The 
initial challenge is developing a system capable of detect- 
ing a vast range of anaiyte concentrations. Proteins of 
interest may exist in a broad dynamic range (up to a factor 
of 10 10 ) in any ceil. The second challenge is identifying 
query molecules with adequate sensitivity and specificity 
for detecting low abundance proteins. Low abundance 
proteins exist in a complex biologic milieu containing 
high abundant contaminating proteins. A system with 
99% detection specificity may exhibit unacceptable sig- 



nal to background ratios if the there are cross-reacting 
contaminating molecules. Systems with femtomoiar range 
sensitivity are required for low abundant cejj signaling 
proteins [24, 25] The third challenge is the ability to block 
endogenous molecules such as peroxidases, biotin, im- 
munoglobulins, alkaline phosphatases, fluorescent pro- 
teins and avidin. These molecules may Interfere with the 
amplification chemistries [26-28]. 

2.1 Array formats 

There are currently two approaches to producing arrays 
capable of generating this type of network information. 
The first format is the forward phase array, in which a 
labeled bait molecule is immobilized on the substratum. 
The bait molecule is typically an antibody, with each spot 
representing only one type of bait molecule. The array is 
incubated with only one test sample that contains several 
different anaiytes of interest. The captured anaiytes are 
detected with a second tagged molecule or by labeling 
the anaiyte directly. 

Reverse phase arrays consist of immobilized anaiyte 
molecules, with multiple anaiytes in each spot (Fig. 1). 
Each spot represents an individual test sample, allowing 
an array to be comprised of multiple, different samples. 
The reverse phase array is probed with a single detection 
molecule and a single anaiyte is measured for each spot 
on the array, across multiple sarnpies. This format allows 
multiple samples to be analyzed under the same experi- 
mental conditions for any given anaiyte. The arrays are 
probed separately with two different classes of antibodies 
to specifically detect the total and phosphorylated forms 
of the protein of interest. Comparison of the proportion of 
phosphorylated proteins across patients on the same 
array provides insights into the ceiluiar signaling network 
for individual patients. Because nitrocellulose can not be 
stripped and reprobed, each siide array is probed with a 
different antibody, generating a set of array slides for each 
set of probe antibodies [29]. Construction of reverse 
phase microarrays follows these general protocols: sam- 
ple collection, sample preservation, preparation of frozen 
tissue sections, isolation of pure cell populations, protein 
extraction, microarray printing and finally protein detec- 
tion. We will discuss the construction and detection of 
reverse phase arrays for ceiluiar proteome profiling. 

2.2 Microarray applications 

Protein microarrays may be used for drug discovery, bio- 
marker identification and molecular profiling of ceiluiar 
material. Technologies such as MS, 2 -DE, bead capture 
and micro-ELiSA are currently successfully employed 



© 2003 WILEY-VCH Verlag GmbH & Co. KG a A, Weinheim 



Proteomics 2003, 3, 2091-2100 



Reverse phase arrays for cellular proteome profiling 



2093 




Figure 1. Molecular profiling 
protocols for patient biopsy 
samples have been integrated 
into IRB approved clinical trials 
at the National Cancer Institute. 
The protocols focus on biopsy 
collection and preservation, 
microdissection of pure cell 
populations, and reverse phase 
protein microarrays. After tis- 
sue microdissection, the iso- 



lated cell populations are lysed and the entire cellular proteome is immobilized on a glass-backed nitrocellulose slide. 
The immobilized proteins represent total and phosphorylated forms of cell signaling proteins. The proteins of interest are 
probed with antibodies directed against the total and phosphorylated forms of the protein. After signal amplification, 
development and imaging, a pattern or circuit diagram of cell signaling pathways is revealed. This pattern can be com- 
pared across patient samples on the array. 



for drug discovery and blomarker identification [6, 30-32]. 
The utility of protein microarrays lies in their ability to 
develop molecular network profiles of cellular samples 
[16, 23, 33]. The benefit of reverse phase microarrays is 
their high throughput capabilities using Sow sample 
volumes. Typical reverse phase microarrays for patient 
biopsy material are printed with 30-60 uL of whole cell 
iysate, yielding 50 or more microarrays. These microar- 
rays may be stored and probed at a later date or as addi- 
tional proteins of interest in the signaling network are 
identified, or as additional antibody probes are devel- 
oped. These benefits are perfectiy matched for molecular 
profiling of clinical patient samples. Frequently only a 
smaii amount of patient material is available for molecular 
analysis. The protein microarray provides a means of 
assaying small volumes of tumor ceils. 



of analyte molecules, the sensitivity of the system and 
the number of molecuies/rnole. This may be expressed 
by the formula: 




0) 



Where T is the threshold for cell procurement (eel Is/vol- 
ume); A is Avogadro's number ( 8.023 x 10 23 molecules/ 
mole); s is the sensitivity of the detection system {molesS/ 
volume}; and X is the number of analyte molecules per cell 
(molecules/cell}. 

Core needle biopsies, obtained with a 16 or 18 gauge 
needle, typically provide a 2 mm x5 mm core of tissue. 
This is usually a sufficient tissue volume for adequate cell 
procurement of 2000-8000 cells. 



2.3 Cellular samples from tissue 

Protein microarray technology can be applied to biopsies, 
tissue cell aspirates or body fluid specimens [16, 33-35]. 
The amount of cellular material may be small in voiume 
and low in analyte concentration. The total number of 
cells required for the array is dependent on the number 



2,4 Sample preservation 

Tissue preservation techniques, such as formalin fixation 
and paraffin embedding, lead to cross-linking of protein 
molecules, and consequently render the proteins unfit 
for analysis by protein microarray techniques [36-38]. 
Snap freezing in liquid nitrogen or prompt embedding in 
Optimal Cutting Temperature medium (Sakura FineTek, 
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Torrance, CA } USA) with storage at -80°C is recom- 
mended for reduction in protein degradation, Additionai 
preservation steps may be undertaken such as adding 
protease and/or phosphatase inhibitors to the tissue 
staining baths and/or the extraction buffer [39]. 



2.5 Laser capture microdissection (LG&1) 

Cellular signaling networks are dependent on the tissue's 
ceii type and microenvironment, demanding isolation of 
pure ceii populations for accurate network profiling 
(Fig, 1) [3]. Microdissection is an established technique 
for isolating pure ceii populations from heterogeneous tis- 
sue [37, 40]. LCM performed with the PixCeii ii or AutoPix 
instruments from Arcturus Engineering (Mountain View, 
CA, USA) provides cellular material for array construction 
from Hematoxylin and Eosin (H&E) stained frozen tissue 
sections. Depending on the cellularity of the sample, mul- 
tiple tissue sections may need to be microdissected to 
generate an adequate number of cells for analysis. Typical 
array construction using microdissected ceils requires 
ideally a minimum of 500 Q eel is/1 0 uL of lysis buffer 



2.8 Frozen tissue section preparation 

Frozen tissue sections, cut at 5-10 jjum thickness are 
readily amenable to LCM [38]. H&E stained tissue sec- 
tions are prepared following standard tissue staining pro- 
tocols. Other tissue stains capable of providing nuclear 
and cytoplasmic details may be substituted for the H&E 
stain. Successful microdissection hinges on complete 
dehydration of the tissue section with an alcohol gradient 
and a final clearing solution of xylene or xylene substitute 
(Sub-X, SurgiPath, Richmond, IL, USA). Minimum staining 
and fixation times, for whatever staining method is used, 
are recommended for maximizing the ease of microdis- 
section and limiting sample exposure to potential chemi- 
cal reactants. 



2,7 Validation of antibodies 

Successful detection of proteins by microarray requires 
specific, high affinity antibodies and ligands [14]. DNA 
probes have been manufactured with known specific af- 
finity constants. On the other hand, antibodies, aptamers 
and ligands utilized for protein mlcroarrays can not be 
manufactured with predictable affinity or specificity. This 
is the limiting factor for the successful application of 
microarray technology [14]. This necessitates the valida- 
tion of antibodies by Western blot, with a sample similar 



to that used on the array. Each antibody should reveal a 
single, specific band at the expected molecular weight, 
validating its specificity. 



2,8 Protein extraction 

Molecular profiling for elucidation of ceil signaling net- 
works requires liberation of the entire cellular proteome. 
Previously unidentified ceii signaling partners could 
potentially be overlooked if a subcellular compartment 
was excluded from the extraction protocol Lysis buffer 
consisting of equal volumes of T-PER® (Pierce Chemical, 
Rockford, IL, USA), and a 2-4% solution of 3-mercap- 
toethano! (Sigma, St. Louis, MO, USA) in 2XTris-giycine- 
SDS sample buffer (Invitrogen, Leek, The Netherlands) 
has been used successfully for protein extraction of cells 
procured by LCM. This procedure entails extracting pro- 
teins for 30 min to 2 h at 7Q°C, with vortexing before and 
after incubation. Samples are spun after incubation in a 
microcentrifuge at 14 000 rpm for 1-2 min to pellet any 
cellular debris. The supernatant extract is used for print- 
ing the microarray. Lysates may be stored at 80°C prior 
to microarray printing. 



2,9,1 Arraying techno Bogy and substratum 

Protein microarray printing formats are printed using the 
same technology as DNA micraarrays, but the protein 
array layout is vastly different than a typical DNA array. 
Both printing technologies transfer sample fluid from a 
microtiter plate onto a high surface area substratum, 
usually a coated glass slide. DNA arrays are generally 
printed as high-density spots of the same sample and a 
single array is probed with multiple antibodies. The sub- 
stratum for DNA arrays is typically amine or lysine coated 
glass, permitting adherence of the negatively charged 
DNA to the positively charged coating [41]. Protein array 
substrata may be nylon, nitrocellulose or silanized silica 
[29, 42, 43]. The substratum requirements for protein 
arrays are 1) high binding capacity 2) it should not alter 
the protein structure and 3) low background. Nitrocellu- 
lose coated glass slides are a common substratum for 
protein arrays (FAST slides, Schleicher & Schueli Bio- 
Sciences, Dassei, Germany}. 

Proteins bind to nitrocellulose via electrostatic interac- 
tions in an irreversible manner, limiting the number of 
probes that can be used with any one set of immobilized 
proteins [29, 42]. The nitrocellulose slide format allows 
multiple slides to be printed for each set of samples, thus 
maximizing the number of different probes (antibodies) 
that may be used for analyzing a given set of arrays 



© 2003 WILEY-VCH Verlag GmbH & Co. KG a A, Weinheim 



Proteomics 2003, 3, 2091-2100 



Reverse phase arrays for cellular proteome profiling 



2095 



(Fig. 1), The nitrocellulose polymer coating of FAST slides 
permits protein binding capacities of 75-150 jjig/cm 2 in a 
volume of 0.3-2 nL/spot meeting the criteria for a high 
binding capacity substratum. Chromogenic, fluorometric 
and luminescent detection methods may be used with 
FAST slides with an adequate signal/noise ratio. Micro- 
array printing needs to be reproducible, high capacity 
and automated for high -through put testing. The pin head, 
and type of printing assembly, is key to successful protein 
array printing. Sample volume, viscosity, number of arrays 
required and substratum are parameters to be considered 
prior to selecting a printing system. Protein array formats 
consist of multiple patients on a single array, often repre- 
senting samples obtained before and after treatment or 
normal and malignant tissue iysates, allowing comparison 
of anaiytes across samples on an array. Each array is 
probed, or stained, with a single antibody of interest. Pro- 
tein arrays may also be printed in sector formats. A sector 
array consists of multiple small pads of substratum on a 
slide. A reservoir placed around each sector permits a 
different antibody to be used for probing the samples. 
The sector format miniaturizes the array, providing an 
increased signal/noise ratio. 

2.9.2 Arraying devices 

Microarrays may be printed in a variety of configurations 
using several different types of printing methods [44]. 
Each method has inherent advantages and disadvan- 
tages based on the type of sample to be printed, sample 
volume, capacity of array and production capacity 
required for array analysis. Printing technology currently 
exists in two forms: contact and noncontact devices. 
Contact printing is accomplished by direct contact be- 
tween the print head and the substratum. Noncontact 
printing dispenses a minute volume of sample above the 
substratum. Examples of contact printing formats are 
solid pin, quiiL and pin and ring assemblies. Noncontact 
printing technology utilizes piezoelectric or syringe sole- 
noid devices (Table 1), 



Table 1. Comparison of array printing technologies 





Contact printing 


Noncontact printing 


Technology 


Direct contact with 


Fluid contact only 




substratum 




Types 


Quill, ink jet, 


Piezoelectric, solenoid 




pin and ring 




Determination 


Pin diameter 


Droplet volume 


of spot size 






Sample delivery 


0.3-2.0 nl_ 


0.1-0.3 nl_ piezoelectric 


volume 




4.0-8.0 nl_ solenoid 



The maximum print rate/spot is integral for high through- 
put capacity. Most printing assemblies are able to print 
1-2 spots/second. The spot resolution is a function of 
the XYZ positioning capabilities of the print head assem- 
bly. Repeatability, accuracy and resolution of the print 
assembly determine the final quality of the array printing 
[44]. 

2„§„3 Contact printing devices 

Contact pin arrayers rely on a solid pin printing assembly, 
composed of a solid pin, with a fiat end, for contact with 
the substratum and transfer of fluid. Submerging the pin 
in a liquid sample transfers a small volume of sample to 
the tip of the pin. Contact of the pin with the substratum 
transfers the fluid to the substratum. The pin diameter and 
fluid properties determine the volume of fluid deposited, 
and thus the spot size. The solid pin format does not lend 
itself to duplicate or triplicate printing due to the necessity 
of the pin to be re-submerged in the sample for each spot 
printing [44]. 

A quiii type printing assembly consists of a flat pin head 
with a defined hollow bore, similar to quiii -style writing 
instruments (MicroGrid II; Biorobotics. Cambridge. UK). 
Sample fluid wicks into the hollow space and is deposited 
on the substratum when the pin head touches the substra- 
tum. The quill style formats allow multiple spot printing 
from each sample, 

Pin and ring assemblies are a combination of a ring 
that holds microliter quantities of sample and a fiat head 
pin (GMS417, Affymetrix/MWG Biotech}. The pin travels 
through the fluid retained in the ring and deposits the 
sample on the substratum. The pin and ring assembly is 
capable of replicate spot printing. Typical sample delivery 
volumes of contact printing devices are 0.3-2 nL Pin 
sizes are available in 125, 300 or 500 urn diameters. 

Ink jet style printing devices are similar in theory to ink jet 
paper printers [44]. A small volume of fluid is transferred to 
a hollow bore pin. Touching the pin to the substratum 
causes wicking of a minute sample volume from the pin 
onto the substratum due to the attractive forces between 
the substratum and the fluid. Pins with various tip diam- 
eters are available for printing spots from 75-360 urn in 
diameter. 



2.9.4 Noncontact printing devices 

Noncontact printing devices utilize a sensor for deposit- 
ing fluid above the substratum (BioChip; Perkin Elmer, 
Norwaik, CT USA). This sensor may be a piezoelectric 
crystal or a solenoid. Piezoelectric devices consist of a 



© 2003 WILEY-VCH Verlag GmbH & Co. KG a A, Weinheim 



2096 V. Espinaef a/. 



Proteomics 2003, 3, 2091-2100 



glass capiiiary tube surrounded by a deformable piezo- 
electric material [44], Piezoelectric material is typically a 
ceramic that changes form in the presence of an electrical 
charge. The deformation of the piezoelectric material pro- 
vides pressure on the glass capiiiary containing the sam- 
ple, causing fluid to be dispensed from the tip of the glass 
capillary; Picoiiter quantities of fluid may be dispensed 
with a piezoelectric tip. Typical sample delivery volumes 
for these devices are 0.1-0.3 nL 

Syringe soienoid systems utilize pressure supplied by a 
syringe to aspirate fluid into a sample tip. Opening the 
solenoid valve allows droplets of fluid to be ejected from 
the tip. The dispensed droplet volume is 4-6 nL. 

2.9.5 Factors affecting success of microarray 
printing 

Temperature, humidity and dust/debris affect array print- 
ing quality, increased temperature and decreased humid- 
ity may cause evaporation of the sample from the micro- 
titer plate. On the other hand, humidity greater than 75% 
may cause water vapor condensation on the metal parts 
of the printing device or the substratum [44]. Dust on the 
substratum causes interference with fluorescent detec- 
tion methods. Debris on the printing surface causes the 
substratum surface to be uneven, resulting in missing 
spots or damaged substratum due to the pins compres- 
sing the surface. 

The substratum surface should be inspected for obvious 
defects prior to printing. Holes, bubbles, and varying 
thickness of the substratum affect printing and detection 
quality. 

Pin washing is a critical step for reproducible printing. A 
series of wash solutions and suction or vacuum drying 
steps prevents unintentional sample dilution from the 
wash solutions and prevents damage to the nitrocellu- 
lose. Wash solutions of deionlzed water and 70% v/v 
eihanoi in water are adequate for removal of protein sam- 
ples from the pins between each sample. Pin drying times 
of 10-20 seconds are recommended for adequate drying 
of the pins to prevent dilution effects. A word of caution 
if using ethanol solutions in the wash baths - ethanoi solu- 
tions will damage the nitrocellulose surface, preventing 
successful array printing. 

A pin calibration sets the level of contact between the 
substratum and the pin for contact style printing devises, 
A pin calibration is recommended for each lot number or 
series of slides to be printed. Too little contact with the 
slide surface results in missing spots. Too much contact 
compresses the nitrocellulose, resulting in iess than 
expected protein binding capacity. 



Ring calibration, of pin and ring style assemblies, ensures 
adequate sample loading on the ring for maximal array 
capacity. Under filling of the ring limits the total number 
of spots and/or arrays that may be printed. Overextension 
of the pin and ring assembly into the sample causes wick- 
ing of the sample along the ring support, leading to poor 
reproducibility. 



2.9.8 Quality control and array design 

Incorporation of a recombinant protein antigen and a 
reference lysate or peptide of known performance en- 
hance the quality control aspects and potential clinical 
utility of each array. The recombinant protein antigen 
is serially diluted in the same manner as test samples, 
providing a quantitative comparison of signal intensity 
for each antibody. The reference or control lysate typi- 
cally consists of a pool of tissue and cell culture protein 
iysates of known origin and staining characteristics. 
The control lysate serves as a standard for validating 
the performance characteristics of new lot numbers of 
reagents and materials used in the microarray assay. 

A typical array layout consists of a series of 4-6 horizon- 
tal spots, representing a mini -dilution curve of each 
sample (Fig. 2). Multiple samples may be printed on 
each slide, representing before and after treatment sam- 
ples or normal and malignant tissue iysates. Each sam- 
ple is printed in triplicate, permitting statistical calcula- 
tions for each sample. The use of multiple sample dilu- 
tions ensures the protein of interest is within the dynamic 
range of the assay, based on the antibody sensitivity 
and affinity. 



2„1G Detection strategies 

The reverse phase protein microarray format has been 
optimized for detection of cell signaling proteins in 
clinical cellular materia! [45]. Each spot on an array is 
a few hundred microns in diameter, containing a re- 
presentative sample of the cellular proteome. Detec- 
tion strategies for these minute samples require the 
use of amplification strategies [24, 25, 46-48]. Signal 
amplification is a prerequisite for achieving the sensi- 
tivity required for analysis of low abundance proteins. 
A reliable method capitalizes on the catalyzed reporter 
desposition technologies developed for clinical im- 
munoassays [26-28, 46, 49]. This technology is based 
on the enzyme mediated deposition of biotin-tyramide 
conjugates at the site of a biotinylated antibody-ligand 
complex (CSA kit; DakoCytmation, Carpinteria, CA, 
USA). 
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Figure 2. Atypical protein microarray used for molecular 
profiling of patient biopsy samples consists of patient 
samples printed in triplicate and a reference lysate or con- 
trol sample printed on a nitrocellulose coated glass slide. 
Each patient sample represents a before or after treat- 
ment specimen, or microdissected normal, stromal or 
malignant tissue cells. Each sample is printed in a dilu- 
tion curve representing neat, 1:2, 1:4, 1:8, and 1:16 dilu- 
tions. A negative control, consisting of extraction buffer, 
is printed as the sixth spot. The reference and control 
lysates are used for monitoring assay performance. The 
spot size is dependent on the arraying device, while the 
density of spots may be operator controlled. 



2,1 1 ,1 Bioinf ormatic analysis of reverse phase 
rnicroarrays 

There are currently a variety of methods for microarray 
analysis [50-54]. Reverse phase protein microarray anal- 
ysis requires consideration of 1) spot placement on the 
array 2) background intensity and 3) a sufficient number 
of data points. We have developed an analysis technique 
for reverse phase rnicroarrays using the open -source pro- 
gram, PCS AN [51] to address these considerations. 

The spot placement on the array Is determined to some 
extent by the pin configuration of the arrayer. The place- 
ment of serial dilutions is operator controlled and may be 
in a vertical or horizontal format. Spot intensity is inte- 
grated over a fixed area. This area is fixed for each spot, 
minimizing intensity variation due to variations in the inte- 
gration area. 



Background intensity is determined by programming 
"empty" spots on the array layout. These are areas lack- 
ing sample, but the nitrocellulose will have been exposed 
to all blocking and detection reagents in the same manner 
as the experimental areas. The density of each back- 
ground area is integrated in the same manner as the sam- 
ple spot, ideally the signal should be 2 SD above back- 
ground. 

A sufficient number of data points is achieved by analyz- 
ing each spot in the dilution curve and printing each sam- 
ple in duplicate or triplicate (Fig. 2). 



2.11.2 Normalizing spot Intensify 

Total protein concentration variability exists between 
samples on the array due to the variability in the number 
of ceils/sample obtained by LCM. This variability is con- 
trolled for each spot on the array by normalization of 
the total protein/spot. Total protein on a reverse phase 
array may be obtained by using a Sypro Ruby Blot 
staining protocol (Molecular Probes, Eugene, OR, USA). 
Spot intensities on the array are reduced to a single 
vajue corresponding to the amount of protein in the 
sample [51], 

The intensity versus log dilution plot should appear as 
an exponential decay curve (see section 2.1 1.3). The 
assumption is made that intensity above background is 
proportional to protein concentration. Curve fitting tech- 
niques may be applied for determining overall curve fit, 
background intensity and decay constants. 



2.1 1 ,3 Method for microarray analysis 

Each array is scanned, spot intensity analyzed, data is 
normalized, and a standardized, single data value is gen- 
erated for each sample on the array. This single data point 
may then be used for comparison to every other spot on 
the array. This data set may be used for Bayesian cluster- 
ing analysis and generation of traditional "heat maps" for 
generation of network profiles across patient samples [45, 
51]. 

Step! PSCAN 

Images are analyzed with PSCAN yielding a raw intensity 
for each spot on each array. Special purpose MATLAB 
scripts are then used to combine the intensity data 
for each array with annotations. The data are then im- 
ported into the JMP statistical package (wwwJMP.com, 
wwvv.mathvvorks.com) for further analysis and visualiza- 
tion. 
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Step 2. MATLAB 

Each sample appears in several dilutions on the array. 
A binding score for each sarnpie is determined with the 
following formula, where P1 represents the neat spot and 
P2, P3, etc. represent the dilution spots, and b is a bias 
term set to 50: 

Score = (P1 - P3)/[(P2 + P3)/2 f b] (2) 

This score attempts to reconstruct the specific binding 
(total minus non-specific) and expresses the result rela- 
tive to the non-specific binding in that assay. The bias 
term increases the statistical readability of the score by 
preventing very small denominator values. 

Step 3. JMP 

Empirically, the score shows stability across different 
arrays, and is largely resistant to variations in overall slide 
intensity due to variations in staining efficiency, era If 
trends are observed across the slide a corrected score 
may be calculated by subtracting the local-average score 
for left, middle, and right portions of each array from the 
score as follows: 

Corrected score = score - local average score (3) 
Step 4. Standardization of score 

For some antibodies, the spread of the corrected score 
values for the "empty" (background) spots may overlap 
that of the real samples, while in others, the real sample 
scores may be markedly above those of the empty spots. 
These empty spots may serve as an indicator of precision 
for each antibody stained array. To combine scores from 
different antibodies, the standard deviation of the empty 
spots may be used to standardize the corrected score as 
follows: 

Standardized score = corrected score - 

[average(corrected score)/SD(empty corrected 
scores)] (4) 

Step 5. Single Data Matrix 

The results of the each antibody labeled array in standar- 
dized score units is combined into a single data matrix. 
The maximum standard score for each array can be inter- 
preted as a signal-to-noise ratio. 

Step 6. Two-way hierarchical clustering 

Ward's method may be used for generation of clustering 
data by samples {rows} and antibodies (columns) [57]. 
Color coding according to the standardized score allow 
data to be displayed as traditional heat maps. 



Step 7. Discriminant analysis 

Discrimination of tumor from true normal samples may be 
performed with Fisher's discriminant analysis [58]. 

3 Microarray performance characteristics 

The specificity and sensitivity of protein microarrays can 
be analyzed using the ambient analyte assay theory of 
Ekins and coworkers [55, 561. This theory demonstrates 
the analysis of a small amount of target in a small area is 
more sensitive than the same amount of target in a larger 
area (Fig. 3). The sensitivity of the system is increased be- 
cause the binding reaction occurs at the highest possible 
concentration and the bait-detection complex is localized 
in the microarray spot. This occurs because the target 
molecule is not the limiting factor in a small spot, Signaj 
intensity will remain virtually constant below a certain spot 
size even if there Is a further reduction in spot size. As the 
spot size increases, for a given amount of target, the sig- 
nal intensity decreases. 

mersss?:^ Constant 



Figure 3. As the arrayed spot size increases for a given 
analyte concentration, the density of the spot reaches a 
maximum. In other words for a given concentration of 
analyte occupying ever increasing spot diameters, the 
intensity (density) of the spot will decrease as the spot 
diameter increases. This is due to the same number of 
target molecules occupying an increasingly larger area. 
In contrast, as the spot size decreases, the density 
increases for a decreasing concentration of analyte. 
There is a point at which the spot intensity will remain con- 
stant for decreasing spot size. Incorporation of a sample 
dilution curve into the printed array format permits the 
analysis of each analyte in its linear dynamic range with- 
out limitations due to the unmatched antibody associa- 
tion/dissociation constants. This figure was adapted 
from [14]. 



3,1 Sensitivity and specificity of protein 
microarrays 

Reverse phase protein arrays exhibit excellent within- 
run and between-run precision with greater than 6 ceil 
equivalents (3-10%) using a pin and ring style arrayer 
[18]. Incorporating a miniature dilution curve in the array 
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design monitors iineahty for each sampie (Fig. 2). Each 
sample is prepared in a series of dilutions and each dilu- 
tion Is printed on the array. This allows matching of the 
antibody concentration with the anaiyte concentration, 
permitting analysis of each anaiyte in a linear region. 



4 Concluding remarks 

The current limitation of the protein microarray is the lack 
of availability of antibodies with high affinity and specificity 
for posttransSational modified proteins and disease related 
gene products. Fortunately this issue is being addressed 
by the Human Proteome Organization as well as the Alli- 
ance for Cellular Signaling (www.sjgnaiing-gateway.org). 

Future goals for the enhancement of the microarray tech- 
nology would be 1 } to increase the concentration of protein 
loaded per spot by increasing the surface area and con- 
centrating the input sample and 2) to reduce the substra- 
tum variability from Sot to lot and across the slide. These 
enhancements can impact sensitivity and reproducibility. 

Molecular profiling of clinical samples has the potential to 
change the face of prognosis and diagnosis of cancer 
The utility of reverse phase protein arrays for protein net- 
work profiling has been demonstrated for serum and tis- 
sue samples [35, 53]. Incorporation of common molecular 
biology and clinical laboratory techniques in the reverse 
phase microarray protocols has made the technology 
widely available and reproducible. On -going clinical trials 
at the National Cancer institute have currently incorpo- 
rated reverse phase microarray technology for evaluation 
of the sample procurement and processing technologies, 
as well as a means to elucidate hypotheses concerning 
treatment effects on cell signaling networks. As more 
cell signaling information is gleaned from protein micro- 
arrays, we envision an enhanced ability to develop/iden- 
tify new combinatorial therapies or targeted therapies. 
The ability to discern treatment effectiveness, via protein 
microarrays, at an early time point during treatment can 
lead to early intervention and positive patient outcomes. 

77?e authors wish to thank John Milia of Arciurus Engineer- 
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